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SUMMARY

Design requirements for windblast 1imb protection systems to be-
used in current ejection seats were defined. The ACES Il system was
used as a baseline system. Using the baseline seat and the requirements,
three arm and three leg restraint concepts were defined. A proposed
program was then defined to evaluate and develop the proposed systems.

Design requirements were derived from a list of criteria or con-
straints for the system as defined in the reference to the escape,
aircraft, crew flight conditions and using commands' needs. Resulting
requirements were then rank ordered and significant interactions
between them identified. Identification of negative interactions high-
lights the significant trades necessary to design a successful windblast
protection system.

LUCE Al o

Ejection events and the resulting environment the crew is exposed
to were then analyzed to define the physical actions the men and system
4 must contend with. Review of previous ejection injuries and limb
] restraint systems was included to further refine the understanding of
injury mechanisms. Specific injury mechanisms of the knees, shoulder,
elbow, and spinal column are presented. S

¢

Using the requiremants and injury mechanisms the six candidate
protection systems were daefined. A proposed program for concept refine-
L ment and final selection is presented.
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PREFACE

This report was prepared in partial fulfillment of Contract No.
! F33516-78-C-0514. The research was accomplished by Rockwell

= International, Los Angeles Division, 815 Lapham St., E1 Segundo,

| California 90009. Frank E. Drsata was the Program Manager and

R. J. Cummings was the Principal Investigator.

2 The Air Force Technical Monitor was James R. Brinkley of the
- Biomechanical Protection Branch, Biodynamics and Bioengineering
Division of the Aerospace Medical Research Laboratory.
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This research was conducted to provide data on design requirements,
constraints, and criteria for a windblast protection system for open
ejection seats and to develop and select candidate protection concepts
for further study.
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INTRODUCTION ;
PROBLEM DEFINITION

In high-speed open-seat ejections, aerodynamic and inertial forces can
injure the unrestrained limbs of the seat occupant. The problem is hew to
develop a limb restraint design which will safely restrain the 1inbs agatinst
the action of these forces while conforming to design constraints which
arise from aircraft and escape system requirements; from human vulnerabili-
ties to injury; from expectations of the users regarding encumberances, |
comfort and appearance; and from expectautions of the support commands regard- ]
ing reliability, maintainability, logistics, cost and schedule. i

PROBLEM CONTEXT

Historical

Studies of ejection incidents have shown that injuries to the limbs are
the most significant factor governing the rate of safe recovery from high-
- speed ejections (References 1 through 5). The estimated incidence of limb
¥ injuries in the absence of restraints ranges from about 20 percent at 400
KEAS to nearly 100 percent at 600 KEAS. In combat situations, 1imb injuries
greatly reduce the chance of rescue from behind enemy lines and increase
the risk involved in rescue operations. Many attempts have been made at
. designing limb restraint systems for open-ejection seats. The primary
F‘ ; reasons why these designs are not acceptable for use in new fighter aircraft

u TR
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are as follows:

1. Excessive weight and/or bulk.

iicing o

2. Users judge them excessively encumbering or unreliable.

3. The designs have proved to be ineffective or have
introduced new injury mechanisms.

Aircraft Performance Requirements

| The missions for new fighter aircraft demand higher velocities and

S mareuvering accelerations, and lower altitudes. The cdemi.1 for higher

E‘ velocities shifts the expected ejection-speed frequency uistribution toward
i higher ejection velocities and increases the expected number of ejections
in the dynamic pressure region where limb injuries are probable. Demands
for higher velocities also creates demand for reduced cross section and,
therefore, less bulk. Demand for higher maneuvering accelerations creates
demand for reduced gross weight. Demand for operation at lower altitudes
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creates demand for better low altitude recovery performance from escape
systems.

gscape System Performance Requirements

Mission performance requirements for open-seat escape systems are
driven by the improving low-altitude high-speed performance of milftary
aircraft. To improve lTow altitude recovery performance, the delay between
system initfation and catapult ignition has been shcrtened to only that
required to achieve canopy divestment. Delay for canopy divestment may
be as short as 120 milliseconds. The divestible part of some new cockpit
canopies, for example the F-16, is continuous down to the fuselage outer
mold line. In such aircraft, the seat-occupant is exposed to windblast
immediately after the canopy is unlatched. Therefore, if 1imb restraint
must occur concurrently with divestment, the 1imb restraint system must
deploy very rapidly while exposed to windblast.

Ejection Seat State~-of-the-Art

In the region of high dynamic pressure where limb injuries are probable,
and during the period between seat-rail separaticn and the beginning of
stabilized deceleration on the drogue chutc, a 1ight weight, standard shaped
ejection seat will usually show angle-of-attack instability (References 6
through 9). As a result, the direction and magnitude of the aerodynamic and
inertial forces acting on the limbs, body and seat may change rapidly during
this period. Also the seat can have a larg2 angle-of-attack by the time the
drogue chute inflates. When this occurs, the seat shows large changes in
translationa! and angular acceleration which may result in violent movement
between the seat and occupant. After drogue stabilization, the seat can show
high roll rates which the drogue may not control. When this occurs, seat-
man separation can be unstable and result in an off-angle extraction of the
occupant from the seat.

General

‘Contemporary Air Force ejection seats use either center-pull or side-
arm initiators. Therefore, the 1imb restraints should be designed for both
initiator types. The need for a workable limb restraint system is immediate.
Therefore, the 1imb restraint desigrn should be compatible with the goal of
rapid development, evaluation and implementation. The maximum loads which a
1imb restraint system will have to react are not precisely known due to diffi-
cultfes of extrapolating windtunnel research data to the actual dynamic
conditions of a high-speed ejection. Therefore, the proposed restraint design
should provide a wide margin of safety in its maximum load parameters.
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STRATEGY FOR PROBLEM RESOLUTION

This attempt to solve the 1imb restraint design problem began with a
review of the scientific literature related, in general, to human inter-
actions with open-seat ejection systems, and in particular, to the mechanics P
of windblast induced limb injuries. During this review, particular attention 1
was paid to those characteristics of previous limb restraint design solutions ?
, which seemed to be the cause of those solutions, unacceptability for use on ﬂ
\ the ejection seats of new military aircraft.

P T

Subsequent to the literature review, an analysis was conducted on the
requirements for an acceptable 1imb restraint design. One aim of this
analysis was to identify and assess contradictory interactinns between

~ independent design requirements. A contradictory interaction is indicated
'a when it can be shown that a design feature which improves performance against ;
j one requirement, degrades performance against another. As a means for ]
F ' systematically searching for such interactions, a list of independent design
requirements was compiled and then crossed with itself to form a matrix.
Each cell of this matrix represents the potential interaction between a pair 3
of requirements as shown in Table 1. Eich of the paired requirements was ]
; subjectively assessed for any significant interaction, and the corresponding ,
’ matrix cells were marked to indicate the nature of the interaction as either i
beneficial, neutral! or contradictory. A list of the contradictery inter-
actions was made. The list which gives a brief explanation of each interac- |
tion, and possible approaches to resolution, is presented in Table 2. i
Of the 180 potential interactions defined by the requirements matrix, 76 !
contradictory interactions were identified. This large number of conflicts
! between requirements implies that any windblast protection concept will
necessarily represent a large set of trade-offs between requirements, and
that no concept can fully meet all of the design requirements. Since each
contradictory interaction between requirements represents a potential trade-
off situation, there is a need for organizing these interactions according
to their relative importance so that the acceptability of the trade-offs
inherent in a design concept may be judged. Since the importance of each
interaction is related to the importance of the two requirements involved,
the design requirements first were ranked according to their relative
importance on the basis of their contributions to the following goals:

R L
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First, successful completion of the military mission
Second, safe recovery of the seat occupant

Third, satisfaction of the functional and psychological
needs of the occupant
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Fourth, satisfaction of the operaticnal needs of the
using command, e.g. logistics, maintainability, etc.

These criteria were used to rank order the design requirements as shown

in Table 3. Tne list of rank ordered requirements was then used to form

a second interaction matrix, shown in Table 4. In this new matrix the
previously identified interactions are automatically organized by importance
and tradeability. The vertical axis represents importance in the sense

of rank order and the horizontai axis represents tradeability ir the

sense of its representing the difference in rank order between the conflict-
ing requirements. If the rank order ditference is small, the size of the
trade-off should be small but the direction of trade-off is justifiable
either way. If the rank order difference is large, a large trade-off may be

justifiable but it is difficult to justd fy the trade-off of a higher ranked
requirement for a lower ranked one.

A second aim of the design requirements analysis was to prepare a
description of the oper-seat ejection event which would tie together, by
association, the available information about the principle elements, namely
the air, the man, and the seat. Toward this end a chart was prepared which
showed the r« .ationship betweern the event timeline of the seat and the time
histories of dynamic pressure and deceleration for a ty ical high-speed low-
altitude ejection. This chart is presented in Figure 1.

Also discussions were prepared on the importance of frame of reference

to ejection force descriptions, and on the sequence of events which lead to
the creation of the ejection forces.

A third aim of the requirements analysis effort was to identify the

injury vulnerabilities of the seat occupant and to describe the implications
for 1limb restraint designs.

An effort to develop design and evaluation criteria was carried out
concurrently with the design requirements analysis. The approach was to
compile a table of design and evaluation criteria based on the list of
requirements and the requirement conflict descriptions, taken from Tables
1 and 2. This table of criteria is shown in Table 5.

The next effort was aimed at design conceptualization. At the start,
this effort was open to all previous design solutions and any new method
or technique for protecting against windblast injuries. Later the effort
was scoped down to development of configurations and deployment techniques
for t..2 broad category of strap type limb-restraint systems. This change
of scope was basad on the determination that strap type systems offered
the best overall performance and also that the aesign flexibility inherent
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TABLE 3. SEPARATION OF DESIGN REQUIREMENTS BY MISSION AND BY IMPORTANCE TO
A MISSION FOR THE PURPOSE OF BANK ORDERING THE DESIGN REQUIREMENTS l
Missions
Rank | Aircraft Escape System Crew Using Command
1 Weight ‘I
2 Drag § Inertial Forces i
: 3 A/C Atcitude %i
7‘ 4 Vision %
; r 5 Reach %
| 6 DTC/LCC |
E | 7 Pre-ejection Positioning
8 Seat Separatiun
k; 9 Load Distributjon | ]
10 Crew Size Crew Size .
11 Logistics
: 12 Personal Equipment Personal
: Equipment ;
:’ 13 Landing Entanglement i
/3 14 Emergency Egress Emergency ‘
; ~ Egress
15 Manual ;
Release )
Accessibility !
16 Seat Stability |
r 17 Ingress/ 3
E Donning P
i 18 Operational :
;‘ Acceptability
E 19 Reliability
3 20 Maintainability

25
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in strap type systems should help speed the evaluation and deployment of

an effective and acceptable-limb restraint system. As part of the con-
ceptualization effort, six phases of restraint system operations were
jaentified and defined as shown in Table 6. More than 30 different con-
figurations of straps, cuffs and sleeves were identified and evaluated.
Eight of the concepts were developed into soft mock-ups which were evaluated
in manual force deployment demonstrations on an ACES Bl seat.

Subsequent to the design conceptualization effort, a design selection
process was begun. The candidate limb-restraint concepts were critically
evaluated against the design criteria. Six concepts were selected for
recommendation for further development and testing.

DESIGN REQUIREMENTS ANALYSIS
DEFINITIONS: REQUIREMENTS, CONSTRAINTS, CRITERIA

The words requirements, constraints and criteria are frequently used
interchangeably in discussions about technical programs. However, there
are dif.:rences in the meaning of these words which can be useful.

The word requirement refers to the expected performance of a design
relative to an implicit or explicit goal. The word constraint refers to
facts or conclusions which, in efiact, confine the acceptable design solution
to a limited region of the potential solution space. The word criterion
refers to a standard or test which may be used to judge the design's perfcrm-
ance against its requirements.

REQUIREMENTS INTERACTION ANALYSIS

A list of factors pertinent to the windblast protection design problem
is given in Table 7. A list of abbreviated design requirements, based on
a study of the design factors of Table 7, is given in Table 1. Table 1}
also presents, in a matrix format, all of the interactions between the
design requirements. Three types of interaction are noted. These are
beneficial, neutral and contradictory. Of the 180 interactions represented
in Table 1, 76 are contradictory. An explanation of each of the contradic-
tory interactions along with some possible approaches to resolution are
given in Table 2.

Contradictory interaction between two requirements usually necessitates
a trade-off between the requirements. Frequently, the result of a trade-
off is that the design does not fully achieve the goals envisioned by either
requirement. Sometimes a designer can avoid a trade-off by avoiding the
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TABLE 7 . FACTORS PERTINENT TO WINDBLAST PROTECTION SYSTEM DESIGN
Factors

Aircraft Controls and Displays Interface

Aircraft Ingress/Domning, Doffing/Egress

Emergency Egress

Crew Sizing f
Preejection Positioning of the Crew

Clearance During Ejection

Lt bbb, Cotkamd - sl 4 Lk v

Influsnce of Seat Man Stability

Extremity Protection

Seat-Man Separation ‘

—_—t e
bt b bl 1k msithl e

Parachute Interface

Ground and Water Landing
Reliability/Maintainability
System Safety

Design to Cost/Life Cycle Cost
Crew Encumberance and Fatigue
Psychological Aspects of Restraint System
Ejected Keight

Dynamic Environmsnt :
Cockpit Configuraticn Compatibility 1
Personal Equipmmmt

- s




areas in which the requirements are in conflict. If, however, the conflict
is unavoidabie, certain information should be availabie to support a judge-
ment on the accertability of the trade-off. First, the relative importance
of the two requiremerts should be known, since this relationship controls
the acceptability of the direction and magnitude of the trade-off. Next,
in order to assess the impact of a trade-off on the level of performance of
a design against a requirement, 211 the other trade-offs in which the two
requirements are involved should be known. Finally, there should be some
idea of a minimum acceptable level of parformance for each requirement.

The relative importance of requirements is not normally g’ven much ccn-
sideration. But for design problems which show many contradictory inter-
actions between requirements, relative importance must be established to
provide a criterion for judging the acceptability of design performance
trade-offs. The rank order importance of requirements is influenced by two
main factors. These are the rank importance of thz mission which the require-
ment goai supports, and the rank importance of the goal to the successfu!
completion of the mission. In adaition, the rank importance of a requirement
may be influenced by the accessibility of the requirewent goal to state-of-
the-art technology or 5y a tendency of the requirement goa'! to degrade or
improve system performance on other mission-important gosls. Windblast pro-
tection system requirements support the missigns of the aircraft, the escape
system, the aircrew and the using command. Tadle 3 shiows how the reguirements
are broken out under these missions, how they are ranked within the missions,
and how they are ranked by cverail importange dacross the missions.

Reorganization of the requirements interaction matiix shown in Tatle 1
according to tha rank order of requirements taken From Table 3 gives the
interaction matrix shown in Taole 4. In tnis matrix, the row wniih runs
diagonally up Yrom each requirement gives its interactions with the require-
ments ranked higher than it in importance. Any contradictory interactions
indicated in this row potentially represer.it a need to tvade-off performance
for the sake of a higher ranked requirement. Thke row which runs diaqonally
down from each requirement Jives its interaclions with lower ranked require-
ments. Any contradictivns indicated in this row potentially represent trade-
offs which could benefit the row's requirement. The more to the left of
tne matrix the greater the disparity in rank between the interacting require-
ments, and, therefore, the gregter the justification for trading-off the lower
ranked requireweat to benefit the nigher ranked one. The agre tc the right
of the matrix th& closur the interacting requirements are in rank, and, there-
fore, the greater the need to equaliza the =ffects of a trade-off on tne two
requirements and tne greater the justification for trade-offs wnich run
zounter to the given rank order.
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PHYSICAL DESCRIPTIOR OF THE OPEN-SEAT EJECTION

Frames of Reference and Ejection Forces

The open-seat ejection is characterized by very high aerodynamic
pressure znd rapid deceleration. Within the frame of reference of the
seat and jts occupant., these phenomena generate apparent forces which

) tend to cause the occupant's 1imbs and head to move relative o the torso
- and seat. Although these apparent forces are responsible for the wind-
f blast injury problem, it is easier tec comprehend their actions from an
E earth based frame of reference. Within the earth based reference frame,
: both the aerodynamic pressure and the deceleration are the interdependent
results of a process by which the kinetic energy of the seat-occupant
‘ system is rapidly transferred to the air molecules in the vicinity of the
= seat trajectory. As the seat moves through the atmosphere, it impacts
1 static air molecules in its path. These molecules are accelerated by

: their impacts in the direction of the seat motion. As the impacted mole- z

{
t

cules move away from the seat they impact new static molecules and 30 on.
Repetition of this process leads to the formation of a pressure gradient
which moves ahead of the seat-occupant system as it travels along its
trajectory. The pressure gradient is created and sustained by the inertial
4 resistance of the static air molecules which must be acceierated out of the
1 trajectory volume and by the work performed by the seat occupant against i
the pressuie gradient as the seat slows down. Static air moiecules wnich 5
are engulfed by the moving pressure gradient are accelerated forward and j
lavérally so that they flow around the occupant and seat. This afr flow, i
in turn, ganerates aerodynamic phenomena which modify the spatial shape i
i

: of the pressure gradient according to the laws of acrodynamics. The spatial
i shape of the pressure gradient controls the distributicn of prassure contours
e on tne :xternal surfaces of the occupant and the seat. The distribution of

' pressure cwiteurs, in turn, determines the net pressure forces which act on
the seat, and the head, limbs and torso of the occupant.

gy,

The niass eiements of the seat occupant system, the seat, the torso, the
nead, and *the timh scgments, are not rigidly connected. Therefore, if the
i net torces, resclved to the trajectory path and acting on each mass eiement.
L are not proportioncl to the mass of each element, then the elements will k
é deceisrate at different rates until the limit ¢f articulation betwuen the
i elements i5 reached. When a more rapidly decelerating mass element reaches
|
’
3

the limi%t of its articulation, balancing forces are passed through its artic-
ulations with other mass elements until the proportionality between its
net-resolved-force and its mass is uniform with those of the ot)er miss
eements. These decelaration balancing forces, which are passed through the
mass element articulations, represent a windblast injury hazard to the
shoulers and elbows, and especially tc the knees. 4ind tunnel research has
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shown that the major part of the net forces on the links due tc the distribu-
tion of pressure contours and the inertial response to deceleration, does not
act against the direction of seat motion (References 7, 8, 9 and 11). PRather,
most of the net force on the limhs acts in a lateral-outbvary and an upwards
direction when the seat's angles of attack are zero. This is due to the fact
that the arms and the upper and lower legs dam high pressure 2ir between trem-
selves and the torso, seat pan, and the seat bucket, respectively. If the
limhs are not restrained to the seat, they will move out laterally and upward
under the influence of these forces, either until contact with seat structure
is made, such as the knee contacting the lateral leg guard, or the limit of
articulation is reached, such as the arm in the full backward posttion. At
the limit of limb movement either the seat structure or the limb joints must
apply to the Timb an arresting force to stop the 1imb movement plus a force

to counteract any lateral ard vertical pressure forces plus a force to bal-
ance the limb's deceleration rate with those of the other mass elements.
Since, at 600 KEAS, the combined lateral and vertical acting pressure forces
are cn the order of 600 to 1000 pounds, which is also the order of the force
threshold for severe joint ligament strain injury Reference 10}, these

forces represent arother wind-blast iniury hazard in addition to the decelera-
tion balancing-force hazarc.

Wirnd tunnel rasearch has also shown Lhat the typical open ejection seat
with occupant configuration is aerodynamically unstable (References 6, 7, 8
and 9.) Tais is ecvecially true in the yaw axis at high ejection speeds.

As a rzsult of this iastability, the seat may yaw prior to drogue chute
inflation. This potentiality gives importance to the seat cccupant interface,
which consists of the lap belt, the shnulder harness, and the areas of passive
contact between the seat and occupant. The belt and harness give fair re-
straint against forward moticn of the occupant. However, tecause of the need
to accommodate a range of crew s;zes. they give paor restraint against lat-
eral novement of the occupant relative to the seat. erefore., if the s:at :
is yawed at the time of drogue-snatch, the seet can decelerate more repidly T
than the occupant untii the limit of lateral miveimen{ is reached. At tie
limit of lataral movement the lap beit and harness must carry a lergs seat
body arresting loan pius the force required to balance the net resolived
force to mass ratius or the decelerarion rates of the seat and occupant.

Any limb restraint sysiem whicn restricts iz%*aral torso movement to
something less cnar that permitted by the iap belt and shoulder harness
wou)d have to be capable of carrying similar loads without injury to the
limbs. Also since the drocue riser would not be aligned with the center

of gravity of a yawed seat. the drcgue-snatch event causes the seat to feel
a large yew movement tending to turn the seat back toward a zero-yaw angle.
Since the seat and occupant are ocerly cruplad in the vaw axis, the seat

may roach a sJbstantisl yaw rate prior to contacting the occupant's downwind
leg and shoulder. If this occurs, the knee joint could be required tu carry

o
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the lower leg inertial loads associated with the impact plus the tangential
acceleration forces associated with the droguue induced yaw angular accelera-
tion plus any deceleration balancing forces associated with the net resolved
force-to-mass ratio of the lower leg. This would represent an additional
windblast injury hazard to the knees. Seat back impact against the down

wind shoulder would probably not present a direct injury hazard. However,
the arm would feel a .backward inertial force in response to such an impact.
[f the arm were not restrained against backward movement, the lower arm

might slip out from under a loopover type restraint.

The wind tunnel study reported in Reference 11 found that the seat
occupant feels about 80 percent of the to.al drag force for small trim
angles of the seat. Therefore, in a stable ejection the seat/occupant
interface is in compression with the occupant delivering force to the seat
to balance their deceleration rates. when the drogue parachute inflates
this situation is reversed with seat and drogue feeling most of the drag
force. Therefore, after drogue inflation the seat/occupant interface is
in tension with the seat delivering force to the occupant through the lap
belt and harness. I[f the seat yaws to a large angle prior to drogue in-
flation, the seat/occupant interface is first put in shear, and then in
tension as the seat rotates back to a zero-yaw angle. The states of com-

pression, tension, and shear at the seat/occupant interface are illustrated
in Figure 2.

The aim of the preceding discussion was first to identify the several
mechanisms which generate apparent forces on the limbs during seat decelera-
tion. These forces represent injury hazards to the limb joints and must
be safely reacted by the limb restraint system, if these hazards are to be
avoided. A second aim of the preceding discussion was to show that an earth
based frame of reference simplifies the conceptual integration of both the
force generating mechanisms and their effects, by mzking the simulaneity of
their actions more comprehensible.

Although the simultaneity of the limb force generating mechanisms may
be conceptuaily well understood, it is nevertheless difficuit to collect
quantitative data on the total forces acting on the limbs. This is due to the
lace of facilities, other than sled tracks, for adequately simulating the high-
speed free-body atmospheric deceleration of an occupied ejection seat. The
next best uption 2fter the sled track is the wind tunnel. Wind tunnel data
does provide valuable insight into the aerodynamic phenomena peculiar to an
occupied ejection seat. However, it is not valid to directly extrapolate
this data to obtain estimates of the actual forces which act on the limbs
during the course of an ejection. There are a couple of reasons for this
restriction. For one, a wind tunnel test simulates an ejection seat which
traveles at constant velocity through the atmosphere. The condition of
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constant velocity occurs only while the seat remains in the guide rails.
Since a wind tunnel simulation can not account for the balance between
pressure force and deceleration after guide rail separation, wind tunnel

force data are prone to errors in the force components resolved to the °
simulated flight path.

i
1.
I

g.
§
ii
!;
i
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Another reason for restricting the application of wind tunnel data
follows from the fact that a wind tunnel simulation creates the artificiality :
of an ejection seat which maintains a stable attitude during ejection. Such .
a simulation can not account fyur the dynamic forces associated with catapult,
and sustaining thruster accelerations, and with attitude rates and accelera-
tions which are typicz! of in-service ejection seats. Therefore, extrapolated
wind tunnel force data tend to underestimate the maximum forces acting on the
3 Timbs in an actual ejection.

i | oA

Given the restrictions discussed above, wind tunnel derived 1imb force ;
data may be used to obtain an understanding of the gross magnitude and H
direction of action of the pressure force which a limb-restraint system :
1 must safely react. Summaries of wind tunnel 1imb force data for the ACES II
seat at various combinations of pitch and yaw attitudes are given in Refer-
ence 8, pages 34 and 35, and Reference 9, page 24. The data ar2 given as
force areas which convert to pounds force when multiplied by the dynamic
pressure in pounds per square foot. A time history of the dynamic pressure
for a typical high speed ejection is presented in Figure 1. The figure
also shows on the same time scale the system events for an ACES II seat

i s, et dmi

PR THURT LI LV

3 . . . N E
1 ejgction. This figure format together with the limb force area data from ]
2 References 8 and 9 facilitates the estimation of pressure force on the limbs 1
1 at any point ir the ejection sequence.

Seat Operations During Ejection

An acceptable limb-restraint design must be compatible with all phases
of the escape system's operations. Figure 3 presents a flow chart of escape
' cystem operations and events which are pertinent to the design of a limb-

1 restraint system.

The first ijevel of the chart identifies four phases of system operatioss
which are not related to ejection. These are normal and combat maneuvers,
ingress and egress, restraint donnong and doffing, and emergency egress.

The restraint design must sustain all aircraft maneuvering accelerations,
vibrations, and occupant activities without moving from its normal stowed
position to one which might restrict either the seat occupant's mobility
or nis internal or external vision. The design must not present any
unsafe hinderance to normal ingress to or egress from the aircraft. The
donning and doffing procedures required by the design must expluit
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existing procedures to the greatest possible extent. The design must be
compatible with single-point restraint release for rapid emergency egress
and must be free of potentially unsafe encumberances to rapid egress after
release.

During normal ingress or egress on the ACES [l seat, the occupant must
make or break seven connections, these are parachute risers to the integrated
torso harness, 1ap belt, two survival kit straps to the integrated harness,
oxygen supply and communications lead. The lap belt and survival kit connec-
tions require adjustment, bringing the number of required ingress tasks to
ten. The oxygen supply and communications connections, if not manually
broken, will Le broken by the occupant's movement away from the seat during
egress. Therefore, the number of required egress tasks is five. Upon
activation of the emergency manual restraint release control (prior to
ejection initiation), the parachute risers are released from the torso har-
ness, survival kit straps are released from the survival kit, lap belt is
released from the seat at both ends, and the shoulder retraction straps are
released from the parachute risers. After ejection initiation, the release
of the parachute risers and survival kit straps is suppressed.

The second level on the chart is system initiation. Since system
initiation may be accomplished by either side-arm or D-ring controllers,
the arm restraint design should be compatible with both types. The actuation
of side-arm controllers can cause involuntary lateral extension of the
elbows due to flexion of the occupants forearm muscles against his grip on
the controiler handles. Therefore, the arn restraint design must also be
tolerant to lateral extension of the elbows.

The third level of the chart (Figure 3) identifies the tasks which
should be accomplished prior to catapult ignition. Canopy removal may
begin immediately upon escape system initiation. In this case, the seat
and occupant will be exposed to turbulent windlast within milliseconds
following actuation of the ejection controller. The limb restraint design,
particularly that for the arms, should be tolerant to windhlast exposure
during its transition from. the stowed to the deployed configuration. The
time required fcr canopy removal generally decreases with increasing dynamic
pressure and, consequently, with increasing risk of windblast injury. There-
fore, the limb restraint design must be capable of very rapid deployment (on
the order of 120 milliseconds), if additional ejection sequence delays are to
be avoided.

Initiation immediately after battle damage under high g-loads or command

initiation are situations which present significant probabilities for the
occupant being out of the normal ejection posture. Therefore, the restraints
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design must be configured to apply appropriate positioning forces to out
of position Timbs. Since the torso may also be out of position at inftia-
tion, the limb-restraint design must be capable of applying effective 1imb

Z. positioning forces to the arms while the shoulder harness is retracting the
> torso to the seat back.

AL et e d e o

Deployment of the windblast protection restraints must begin at escape
system initiation and should be complete before catapult initiation. Limd
restraint deployment must be compatible with the configuration of seat and
cockpit hardware and with the occupant's personal equipment.

PP PSRRI SR

The fourth level on the flowchart (Figure 3) is catapult initiation.
Catapult initiation may be linked to canopy thruster separation and, there-
fore, may occur as early as 120 milliseconds after system initiation.

During the catapult stroke, which lasts about 200 milliseconds, the occupant
will experience acceleration loads in the neighborhood of 14 g parallal to ‘
the seat roller plane. Since sucnh loads may be near or beyond the popula- .
tion threshold of injury to the spinal coluimn, the arn restraints must not 3
add an additional force component to these loads. If the arm-restraint 3
design aims to complete deployment during catapult stroke, the design's
deployment kinematics must be compatible with botn catapult acceleration

loads and dynamic pressure forces. If the axis of a lower leg is behind a
plane which is parallel to the roller plane and passes through the knee, the
catapult acceleration load on the lower leg will create a movement at the knee
which will cause the lowar leg to acc2lerate forward away from the seat.
Therefore, the leg restraint design must be capable of arresting such forward ’
motion while applying positioning forces to the lower leg. Since the lower
lag is shielded from the windblast for at least a part of the catapuit stroke,
leg-restraint design should save weight be exploiting seat motion to generate 3
leg-restraint depioyment forces. At catapult separation, the sustainer
rocket and the pitch trim rocket (ACES II seat) are ignited. Tha sustainer
rocket continues the acceleration of the seat away trom the aircraft. If the
seat's yaw angle of attack is small, the sustainer also tends to resist de-
celeration along the seat's trajectory. This would temporarily slow the
reduction of dynamic pressure, which would otherwise result from deceleraticn.
It also temporarily reduces the inertial relief from dynamic pressure forces,
which the deceleration loads would provide for the limbs.

e

Lo su'ar

In regard to dynamic pressure forces on the limbs, the period during
which the seat separates from the aircraft is the mest critical. If control
of the limbs is not established by this time or it is lost during initial
windblast exposure, injury at high speed is almost unavoidable. Level 5 of
the flowchart identifies the events and phenomera which occur petween seat
separation from the aircraft and inflation of the drogue chute. As soon as
the drogue chute compartment clears the aircraft structure, the drogue is
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projected out behind the seat. While the drogue is deploying, the seat-
occupant system may experience Jdestabilizing force moments generated by

two different mechanisms. One mechanism is driven by the vertical and/or
lateral offset of the center of gravity (CG) of the seat-occupant system from
the line-of-action of the sustainer rocket. A vertical CG cffset creates a
pitch moment. A lateral CG offset creates compound yaw and roll moments be-
cause of the nonorthogonal relationship of the thrustline to the yaw and roll
axes. The other destabilizing mechanism is controlled by the instantaneous
offset of the CG of the seat-occupant system from the line-of-action of the
net pressure or drag force on the seat. In turn, the line-of-actionof the
drag force is controlled by aerodynamic properties of the seat-occupant
system in all of its atcitudinal positions. Aerodynamics properties of the
seat-occupant system are, in turn, the product of the special configuration
of the external surfaces of the seat and its occupant. Finally, the surface
configuration of the seat-occupant system is significantly influenced by the
occupant's size and posture and by the equipment he wears. Since this chain
of control ends at uncontrollable attributes of the occupant, open-ejection
seats are especially prone to destabilization by this mechanism. Up to the
limits of its capacity, the gyroscopically.stabilized pitch-trim rocket
counteracts the combined pitch moments due to the CG offsets from the sus-
tainer-thrust and drag-force lines-of-action. Since the ACES Il seat has

no capacity to counteract the combined yaw and roll moments due to these
offsets, the seat tends, especially at hign dynamic pressure, to yaw and roll
prior to drogue chute inflation.

The sixth level of the flowchart (Figure 3) is the drogue snatch event.
This event begins with the first full inflation of the drogue chute and ends
with the first passage of the seat through the zero-yaw angle of attack. The
drogue is attached to the seat by a riser which branches into a two-legged
yoke before reaching the seat. The yoke ends are attached to either side of
the back of the seat at the level of the seat-occupant CG. Since the yoke
legs are fixed in length, the leg opposite the yaw direction carries tre full
drag force of the drogue chute when the seat is yawed. This results in a
large yaw moment on the seat. At first, this moment is resisted by the
yaw-angular momentum of the seat. Therefore, the seat and occupant experience
a large transient lateral deceleration. The continued action of drogue force
on the seat causes a large yaw-angular acceleration of the seat which rapidly
arrests and reverses its yaw-angular veiocity. As was mentioned previously,
this rapid reversal of seat motion can lead to impacts of the seat ajainst the
occupant due to the weak yaw coupling between them. The large yaw-angular
acceleration may alsc cause the limbs to feel large tangential accelieration
loads which tend to dislodge the iimbs from their proper positions and may be
additive to the pressure forces also tending to dislodge the 1imbs.
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If the seat has rclled as well as yawed prior to drogue snatch, as
would be expected due to tiae presence of a large drag force roll moment
opposite tn sign to the yaw direction (Reference 8, page 68), the taut
leg of the drogue yoke may also generate a substantial roll moment on the
seat in the same direction as the drag-force roll moment. These combined
roll moments can generate large roll velocities in the seat-occupant system
Such roll velocities would generate radial acceleration loads on the 1imbs
which would add to the other forces and loads on the limbs wnich tend to
dislodge them from their proper position and pull them away from the torso.

Level 7 on the flowchart identifies events which occur after drugue
snatch and before main-chute projection. As indicated above, forces which
act during the drogue-snatch event can generate yaw and roll velocities in
the seat-occupant system. [f the seat were yawed prior to the drogue snatch
event, the seat would be yawed back toward a Zero yaw angle of attack by the
force in the drogue riser. As the seat passes through zero yaw angle, the
drogue load transfers from one leg of the riser yoke to the other. This
causes a rapid reversal of the yaw moment on the seat which arrests and
reverses the seat's yaw velocity. The seat may go through several yaw
velocity oscillations of decreasing magnitude before the seat stabilizes at
a zero yaw angle. Since inflation of the drogue chute greatly increases
the drag area of the seat, the seat tends to decelerate more rapidly than
the occupant. Separation of the occupant from the seat is prevented hy the
application o  backward acting loads to the occupant through the shoulder
harness and lap belt. Since, in this condition, the yaw coupling between
the seat and cccupant is especially weak, the relative moticn between the
seat and occupant would be damped, asynchronous, yaw oscillations. Any limb-
restraint design which increases the yaw coupling between the seat and
occupant mus’ be able to demonstrate that the coupling forces applied to the
limbs do not contribute excessivaly to adverse loading of the limb joints
during yaw stabilization. An alternative design approach would be to avoid
increasing the yaw coupling between the seat and occupant. The oscillatory
relative motion between the seat and occupant during yaw stabilization may
aiso threaten limb-restraint designs which are dependent on friction to main-
tain the proper position of the limbs and/or restraints. [f the needed fric-
tion forces change magnitude during an oscillatory cycle, the limb or restraint
may progressively shif: position until the limdb is freed or the restraint be-
comes ineffective in regard to the prevention of injurious forces or displace-
ments in the limd joints. Since the drogue chute is not capable of directly
stabilizing the seat against any roll velocity which the seat might have
acquired during the drogue-snatch event, the seat may continue to roll during
drogue deceleration. tiowever, other indirect mechanisms, such as uneven
loading in the legs of the drogue riser coupled with a nonzero pitch angle,
may cause roll moments during drogue deceleration. It is not known whether
such woments tend to stabilize, destabilize, or act randomly in regard to
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\ seat-roll behavior.

Level 8 on the flowchart (Figure 3) is the main-chute orojection event.
Main-chute nrojection is accomplished by the detonation of a mortar charge
under the main parachute pack located behind the headrest (ACES Il seat).

As the parachute pack moves away from the seat, the riser slack loops are
pulled out from behind the back pad. The risers then tension against the
occupant's harness and against the seat through the torso retraction straps
which are connected to the risers. The tension in the risers pulls the main
chute out of its pack as the pack continues to separate from the seat.
Primary restraint release is delayed for 0.25 second after main-chute pro-

! jection. Therefore, head- and arm-restraint designs must be compatible with
tensioning of the riser straps prior to primary restraint release. The
movement of the main-chute puck or the withdrawal of the riser slack loops
may be exploited by restraint designs to release arm- or head-restraints
prior to primary restraint release. The acceleration of the main-chute pack
away from the seat creates a small pitch moment about the seat-occupant CG.
Also the separation of the parachute from seat lowers the seat-occupant CG.
Therefore, depending on the pitch trim of the seat, the drogue may aiso apply
a small positive pitch momant to the seat after main-chute projection. The
combined action of these moments may cause the seat ton acquire a positive
pitch rate by the time the drogue is released 0.15 second after main-chute
projection.

Sda e

Levels 9 and 10 on the flowchart identify the events which occur between
main-chute projection and seat/man separation. These are drogue release,
restraint release, main-chute snatch and seat/man separation. Drogue
release occurs 0.15 second after main-chute projection. At the release of
the drogue, the seat loses the pitch and yaw stability which the drogue
provides. Therefore, the pitch and roll velocities which the seat might have
at drogue release can cortinue after drogue release. In ejection tests,
some seats, which are rolling at the time of drogue release, have been
observed to undergo 2 maneuver in which the seat pitches back and yaws sub-
sequent to drogue release. All of the mechanisms which drive this maneuver
are not known. The maneuver has been observed to lead to the seat being in
a yawed relation to the main-chute risers at main-chute snatch. In addition,
the form of this maneuver allows the riser furthest from the main chute to
movc in front of the headset and behind the occupant's head. In this con-
figuration, the occupant's head and neck would carry the full main chute
snatch 1oad. Head restraint designs must be capable of preventing this
gituation or of reacting the riser load into the seat. Primary restraint
release occurs 0.25 second after main-chute projection. Arm and leg
restraints must be released no later than primary restraint release. After
the arm and leg restraints are released, they must allow the seat to move
away from the man without interference. In particular, it must be nearly

..“ﬂ.,,u,..
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impossibie for the restraints to catch on the man's body or personal
equipment. Fuvthermore, the limb restraint desiyn should have this
capability for unstable as well as stabie seat/man separations; that is,
separations in which roll and yaw velocities as well as pitch velocities
are present.

Implications for Windblast Protecticn

S

The primary goal of a windblast protection system is to prevent limb
dislodgement during an ejection. However, achievement of this goal alone
would not automatically preclude windblast induced limb injuries because,
even when restrained against displacement, the limbs may be vulnerable to
injuries to their joints. This potential vulnerability arises from the
limited capacities oY the knee, shoulder, and clbow joints to carry tension,
torsion, bending, and shear loads without sustaining serious strain injuries
to the joint ligaments. Therefora, an acceptable limb-restraint design not
only must react tc the apparent forces which tend to dislodge the limbs from
their proper positions but aiso must do this in a manner vhich holds the
levels of the ioads carried by the 1limb joints below the threshold for serious
strain injury. To ensu+e that this criterion is met, the designer and evalu-
ator should know the configuration and functioning of the knee, shoulder, and
elbow joints, and in particular. the special vulnerability of each joint in
regard to its potential loading during an ejection. Toward this end, the
rest of this section presents short discussions of the special vulnerabilities
of the knee, shoulder, and elhow joints, and of the spine as they relate to
the windblast protection desiyn problem.

The Knee Joint

The vulnerability of the knee jcint arises both from the configuration
of iis interior and exterior ligaments when flexed and the peculiar aero-
dynamic and inertial forces acting on the upper and lower legs during
windblast exposure. The internal ligaments of the knee are located in the
center of the joint behina the patella (knee cap). When the knee is extended,
the internal ligaments form an "X" in the plane of articulation between the
articuler heads of the femur (thighbone) and tibia {shinbone). (See the
diagram on Figure 4.) These crossed ligaments, known as the external
(or anterinr) and internal (or posterior) cruciate ligaments, force
the rolling articulation which is characteristic of the knee joint. The
anterior cruciate ligament forms a link between the anterior border of the
heiad of the tibia and the pesterior border of the head of the femur. The
posterior cruciate li1gament is located on the inside of the anterior
cruciate and links the posterior border of the tibia, to the anterior
Jsorder of the femur. Whaon the knee is flexed. the antzrior cruciate
ligament carries loads which tend to separate the kree joint along the axis
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of the femur, wnile the posteriov Cruciste, which is much stranger, cavrios
lo2ds whicn act along the aris of the tidia.

Nindblgst forces can act o push the upper ieg P, cut, and back, wnile
the forces on the lower leg primarily push it Dack anu Jut. Togetrer thase B
forces tend 10 flex the leg aver tre forward edge of trhe scat pan. f (ng
seat pan depth is greater the«n tne OCCuPart’< Buttuck-popliteal lemgtn
(vpper ieg length) or if the upper leg is lifted off the sest pan, the
forvard edge of the seat pun may act &s a fulcrum for the lower lgg and,
vhereby, generate forces whiCh act Lo segarata thY bones of Tthe kner end k

1oad the knee joint ligaments, especiilly the anterior cruciate. (See
Figure 4}

b 1 Ml e ¢ saai

The exterior ligaments of the knee prevent nypecexteasion and laterd!
pending of tne joini. The mos? vulneradle of the exterior l:igaments is tne
mecial collazeral iigement located on the inner or wedial s:Ce of the knet.
3 This ligament offers the primary resistance 0 lateral outward dDending of
the lower leg at the knge joint. shen the knee ‘s flecnd the lowe: e Can

b rotated to the outSide only wher the ‘emur is allowed to rotate at the nip
joint.

A chole

L

il et i

The pressure forces which 3Ct (n the upder and lower leg tand 10 push
the leg cut luterally. Restraints desigred to react these fore;: must not
be positioned whare they might generate excessive loags in tne medial
collateral ligament. For exawp.e., if the iateral restryint for the iower
leg were located near the inee joint, the restraint co.id act as 2 fulcrum
: about which the lower leg would pivot. (See Figure 3.,
] head of the tib‘a «duld be rotated ‘nward and dowward. This motion would
place the medial collateral ligament in temsion, and would, therefore,
greatiy ircrease the risk of strain injury to tnts ligemant.

in SuCh 3 case, lhe

RPTRTNG gF - N v e

The medial collaterz] ligament is also vuinerable to torsional dis-
placements of the tibia at the knee joint. The best availadble design limits 3
for tibial rotation are 17.5-degrees internal and 2)-degrees external ‘
(Reference 10). Lower leg-restrairt designs, whicn are capable of aprlying
torsional forces to the lowe” leg as it moves within the limils of the
restraint, must ba able to demonstrate that torsional forces are not

: appiied to the lower leg beyond the torsional displacement limits for the
i tibia.

Lty

The Shoulder Joint

The shoulder is a ball-and-socket type joint. The bones entering
into its formation are the head of the humerus (upper arm), which is
received into the shallow glenoia cavity of the scapula (shoulder blade)

R 7o Lo i aikdiern (I
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- an arrangement which permits very considerable movement, while the joirt
itself is arotected against displacement by the tandons which surround it
and by atmospheric preszure. The ligaments do not maintain the joint
surfaces in apposition, hecause when they alone remain the huserus can be
separated to a considrrable extent from the glenoid cavity, their use,
thersfore, is to 'imit ths amount of movement. ..

“Owing to the construction of the shoulder joint and tha fresdom 0f :
sovement which 1t enjoys, as weil as in consaquence of 115 exposed 3
situation, it is more frequently dislocated than any othsr joirt in the
oody. Dislocation utcurs whaii arm 13 abducted, and uwhan, therefore, the
haad of the humirys presses against the lowsr and freat part of the capsula
(1igoment), which is tae thinnest and least supportad nart of the ligament.
The rent in the capsule almost invariably takus place in this <ituation,
and thrcugh 1t the nead of the bonk escapes.” (Reference 17).

The vulnerebility of the sheulder jnint 1o forces which tend to push
the head of the humarus against the :Cwer fonmrd sectivs of the joiat
cagsule crestss ‘mportant tomstraints of v rastraiet desiges. For
exymple, 1f, in urder to rostrein the arm against flatling, force is
applieil to the wrist in a forward direction, the upper 2rm will %e suscept-
; ible to asduction ‘rotation awdy from the dedy) 5y tiw aressure forces smich
' act on the arm.  [f the vpper arm we e $u Aductad and if the seat mere
L0 ysu prior to drogue sratcn (both «ve iikely events), the actine of the
oressure force on the a™w would shift from jate~gi-uibodrd 0 ‘ateral-
inbodrd resulling in 2 larre inward furie at ine neded of the numerys.

This force would be combined with the forward acting inertial forze on tre
erw resulting from the rapid yow realigaxens of o seat Oy tne drogue-
snazch event. The combingd prezsure and irercial forces could generate a
resulcant force acting at the head of the humerus in the general direction
of marimm vulnerauility to shoulder-joiat-displacerent injury. Therefore,
an acceptadvle arm-restraint design aus’ agpniy forces tu the upper arm o
prevenr i1ts abduction dy cressure Jr inertial fories. Furthermore, the ugper
arm-resteaint must aot be !ocated near the shouider joint, since such re-
straint could serve as a fulcrun by wnich adbducting vorces acting below the
restraint wouid be transformed into dislcrating forces at the head of the
NARETusS .

o i 1L m et s Nl detiabn ] St S

The Elbow Joint

The albow is 3 ninge type joint which controls tne articulation betwszen
the humerus {upper arm bone} and vlna {farearm bone). The articuia- surface
of the humerus is rounded - convex with a medial aroove in the plane of
articulation. The head of the ulna is a concave socket of about 99° of arc.
This socket has a medial ridge which interlccks with the medial grcove on
the humerus.
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The socket of the ulna is formed by two bony processes. The posterior
or olecranon process covers the back of the joint when the elbow is extended.
The anterior or corongid process covers the front of the joint when the elbow
is flexed.

The elbow joint is well protected against latersl dislocation of the bones
by the interlocking ridge and groove and by strong lateral ligaments and mus-
cle tendons which act to hold the bones together and keep them interlocked.
However, by comparison, the elbow joint is quite vulnerabie %o forwerd and aft
dislocations. As shown in Figure 6, when the forearm is extended, the ulnar
socket is open at the front, and the posterior ligament at the back of the
joint is slack. Therefore, there is relatively little resistance to backward
ofslocation of the ulna off the humgrus when the elbow is extended. ihen the
elbow is flexed, the ulnar socket is open at the bick, and the anterior liga-
meni. at the fromt of the joint is slack. Therefore, there is relatively little
resistance to forward dislocation of the ulna off the humerus when the elbow
is flexed.

The flexed elbow is vulnerable to forward dislocation when forces act
backward on the humerus and downward along the axis of the ulna. The extended
elbow is vulnerable to backward dislocation when forces act forward on the
numeryus and backward on the ulna.

The forward dislocation vulnerability of the elbow is a critical con-
straint on winddlast protection designs, because the elbows are flexed after
osperation of side-avm or high D-ring controllers (one requirement for forward
cislocation), and because most of the pressure force acts perpendicular to the
numeral axis and away from the ulna while most of the resistive force of the
nang grig acts parallel to the vinar axis and away from the humerous (the
other requirement for forward elbow dislocation).

This situation is worsened by the high probability that the occupant's
uoward pull on the controller causes iifs triceps muscle to be fairly loose.
{f the triceps were tensed, it would offer some protection against forward
dislocation of the elbow.

“his analysis suggests that forward elbow dislocation should be a fre-
quently occurring ejection injury. However, experience has not confirmed this
expectation. [t is reasonable to speculate that the resolution of this dis-
crepancy lies in another discrepancy between experience and expectation, namely,
that grip strength is less effective at preventing arm flail than expected.

Both discrepancies would be explained, if a nervous reflex exists which
Toosens the grip when elbow dislocation is imminent.

The forward and backward dislocation vulnerabilities of the elbow

impose implicit constraints on arm-restraint design. Simple restraint of
the arm at the wrists, for example, is unacceptable, lvecause it cannot
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SCHEMATIC SIDE VIEW OF THE RIGHT ARM
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Figure 6. Dislocation Vulnerabilities of Elbow
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prevent forward elbow dislocation. If the wris? is restrainad, restraint
must also be provided for the upper arm in a sanner that will resct back-
ward acting forces on the humerus.

The eibow's vulnerability to backward dislocation also constraing the
design of arm restraints based on the “in-trail” arm positfon. I[f forwerd.
acting restraint is provided to the upper arm, then similar furwerd=acting
rastraint must be provided to tha forearm to prevent hyperextension or
backward dislocation of the elbow.

The Spinai Culumn

Another critical constraint on strap-based limberestraint designs is
derived from the vulnerability of the vertebras of the spinal coluan o
compression fractures during catapult acceleration or drogue-opening shock.
Vertebral fractures usually occur when the spine bends befora or during the
application of a compressive force because bending causes edge loading of
tne vertebrae ratner than uniform loading across the intervertebril discs.
Therefore, strap-type arm restraints are constrained to not introduce feorces
on the torso which would result either in undesiradle bending moment: or
additional compressive loads at the spine.

The criticality of this constraint is recognized when one cbserves that
strap type restraint designs may include a phase wherein the straps are
retracted and snubbed. If this process continues during catapult accelera-
tion, the straps may be retracted and snubbed against the dynamicaily slumped
position of the arm or torso. In this case, when the torso rebounds from
the catapult stroke, it would be arrested by the snubbed arm restraints anc
could result in significantly larger bending moments or compression loads
at the spine than would be expected from a purely static analysis.
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DESIGH AND EVALUATION CRITERIA

Table 5 present: a compilaticn of design and evaluation criterie
developed from the requirements interaction amalysis presented in Tadles !
and 2. The compilation hus a section for each cf the 20 requirements
listed in Table 1. Each section contains a susmary of the conflicting and
beneficial interactions of its requirement with the other 19 requirements.

A nmber in frat of each conflict refers to an explanatory note in Table 2.
Each section also fdencifies the design objectives and criteria pertinent to
its requirement, describes the quantifiable aspects of the design cbjectives
and criteria, identifies sources of quantitative data, and suggests evalua-

tion methods.

DESIGN CONCEPTUALIZATION

The effor: to cevelop windbiast protection design concepts was heavily
influenced by the requirements interaction analysis susmarized in Tabie 4
In relation tu this analysis, many previous windblast design solutions appear
either to be deficient in thei- performance against one or more of the first
three requirements in Table 4 and/or to represent unacceptable trauvcoffs of
performance among these requirements. For example, protection schemes depen-
dent on diversion of airflow away from the 1imbs are either too heavy or
overly sensitive to aircraft and seat attitude or both. Schemes which Jepend
on seat stabilizatior or passive limb-restraint are similarly disadvantaged.
Protection schemes which Teature active restraint of the limbs against the
aerodynamic and inertial ejection forces offer the best potential for resolv-
ing the conflicts between the requirements for low weight, adequate protec-
tion, and insensitivity to aircraft and seat attitude.

The operation of an active limb-restraint system mav be divided into six
phases which may or may not overlap. Thase phases are readiness, capture,
positioning, deployment, restraint, and release. A definition for each of
these operational phases is presented in Table 6.

Evaluations of previous approaches to active limb-restraint design were
begun be determining how each approach addresses the problems peculiar to
each of the six phases of system operation. Then each approach's perform-
ance against the windblast protection design requirements was assessed by
comparing its implicit performance t-adeoffs with the tradeoff criteria con-
tained in Table 4. This exercise provided a large conceptual base which was
cross organized by specific functional problem areas and performance tradecff
acceptability.
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working from this conceptudl base, we developed six 1imb restraint con-
ceots. These include three arm restraint concepts and three leg restraint
concepts. Sketches of these concept: ire presented in Figures 7 through 13,
along with the following verbal description: of thetr deploymont sequences.
Multiple candidates are presented for both the arm and leg restraints because
they are thought to be ciose enough in potential overall performance to
warrant carrying all six into prototype evaluations.

CONCEPT OME

This concept is for arw protection using a strap retention system which
is integral with the seat and harness. Normal ingress and eqress from the
aircraft are al! that is required to have the system in the prepsred state.
Power for the system could be either seat motion or an aircraft oounted
retraction reel. This concept is illustrated in Figure 7 and the following
is the six-step deployment sequence:

3. Slack in the retracting-strap {15) is taken up through the
snubber (10) the belt-ring (13) and the rise-ring (16) untii
the shoulder-loop (3) tensions against its tacking to the
upper corner of the seat back oad (2).

b. Force resulting from tension in the retracting-strap (4 and
15) causes the riser-ring (16) to break open. The resulting
slack is taken :p until the retracting-strap 3gain tensions
against the back pad (2).

[}
.

The dreak cord wnich nolds the retracting-strap vc the back
pad (2) is broken by the force exerted by the strap. The
resulting slack is taken up until the retracting-strap-
terminal-ring (6) tensions against the restraining-strap (14).

d. As the retracting-strap draws its terminal-ring (6) around
the arm, the lower side of the restraining-strap (7) is
drawn uyp to the ring and passes through it and is thereby
positioned for restraining the upper arm,

e. As the retracting strap continues ¢o draw its terminal-ring
(6) toward the belt-ring (13), the lower side oF the restrain-
ing-strap is pulled over tre lower arm. The restraining-
strap eventually tensions against the aft-riser-support-ring
(5), the retracting-strap-terminal-ring (6) and the restrain-
ing-strap-anchor-on-the-side-of-the-seat-bucket (11 and 12).
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Restraint Concept Number One
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f. At seat-man separation the snubber/cutter (10) cuts tne
retracting-strap. As the seat falls away from the man,
the retracting-s¢rap 15 drawn through the belt-ring (13) hy
the restraining-strap (7) and temminal-ring (6). Yhen the
cut end of the retracting strap nasset through the ring, the
occupant is freed from the restraint strap.

CONCEPT TWO

Concept two is 81s0 a strap design for zrm protection. However, it
differs significantly from concept one in that the wrist i3 positively held
by the system and requires that this connection be made and broken for each
wrist during normal ingress and egress. I[n addition, the shoulder loop
(items 3 and 4 on Figure 8 ) must be attached to a keeper on tke upper arm
of the fliight garment. The following is 2 step-by-sten daployment cycle
for concept two, as illustrated on Figure 8:

a. The retracting strap (8) is pulled through the snubber/cutter
(11) and the lap-belt-ring (10). The retracting-strap-
terminal-loop (4), in turn, pulls the restraint strap (3)
through the upper arm keeper {not shown) until the restraint-
strap-slack-loop (6) is consumed.

b. The retracting-strap-terwminal-loop (4), which is tacked to
the restraint strap (3) with break cord, tensions the
res.raint strap (3) against the upper arm keeper (nut shcwn)
until the keeper rips open. A3 the retracting strap (8) is
pulled through the lap-belt-ring (10), the restraint-strap
(3) is drawn into a taut loop around the upper arm. This
loop is prevented from sliding down off the upper arwm by
the support ring (2) located behind the back and anchored
by a short length of strap to the seat back (1).

c. When the restraint strap (3) tensions on the upper arm,
the retracting-strap-terminai-loop (4) breaks its tacking.
This allows the terminal loop (4) to slide down the restraint
strap (7).

d. When the terminal loop (4) reaches the lap-belt-ring (30),

it slips through the ring, pulling the restraint strap with
it.

e. As the restraint strap (7) is pulled through the lap-belt-
ring (10), the wrist loop (9) is pulled to the lap-beit-
ring (10).
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f. Amm restraint is complete when the wrist loop (9) reaches the
lap-belt-ring (10).

g. At seat-man separation or emergency egreszs, the restraint
strap (6) is cut by explosive cutters (5) mounted in the
back pad. The retracting strap (7) is cut by the snubber/
cutter (11).

CONCEPT THREE

Concept three is also an arm-restraint design, but is siynificantly
different than concepts one and two. Concept three consists of a high
strength sleeve with deployment straps rolled up with it. The i~olled-up
sleeve is attached to the main parachute riser via an epaulet and is left
on the seat during normal ingress and egress, the arm simply being inserted
through it while entering the harness. During deployment it is rolled down
the arm and essentialliy suspends the arm in a cylinder anchored at the top

and forward outer edges of the seat. Figure 9 illustrates the concept with
sequential deployment as follows:

a. The deployment strap (8) is pulled through the snubber/
cutter (9) and the controller-ring (10). When the slack
between the controller-ring (10) and the emergency egress
cutter (6) is consumed, the deployment strap is pulled out

of the cutter (5). This allows the mobility-slack-loop (7)
to be consumed.

b. Tension in the deployment strap (8) is passed through the
deployment-strap-branch (5) and the urroliing straps (4 and
12) to the rolled sleeve-cuff (11). Since both the sleeve
and unrolling straps are rolled up on a stifi foam rubber
ring, this tension causes the sleeve to unroll down the arm.

c. Concurrent with event (a), the support strap (2) is pulled
through the support ring (1) and the support snubber/
cutter (3). After the support-strap-slack-loop (2) is
consumed, the support strap lensions against the top of
the sleeve. The top of the sleeve is aiso0 supported by a
cloth yoke (13) suspended from the parachute riser (14),
but the attachment of the yoke to the riser is weak and may
release during sleeve deployment without consequence.

d. Arm restraint is complete when the sleeve has compietely
unrolled.
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CONCEPT FOUR

At seat-man separation the support strap and deployment strap

are cut at their respective snubber/cutters (3 and 9). This
releases the seat from the sleeve.

At emergency egress, the emergency egress cutter (5) severs
the deployment strap. The suppart strap is severed by its
cutter (3). The sleeve support yoke (13) tears off the
riser (14) during egress.

This is a leg-restraint concept which is retained as an integral part
of the ejection seat. It cnncists of a high strength upper and lower leg
shroud for each leg which would be pulled tight during initial seat travel
Ingress wculd require the crew member to drape the devices over his legs
and connect the make-and-break fitting (item 10 on Figure 10) at the forward
edge of the seat pan. Figuire 10 is an illustration of the concept which
correlates tc the following deployment sequence:

a.

(3]
.

As part of the ingress procedure, the occupant pulls the
upper and lower leg-restraint-flaps (2 and 6) over the leg,
and inserts the flap-anchor-ring (11) into the snap-hook

. (10) at tha2 center of the forward edge of the seat pan.

During the catapult stroke, the lanyard-ring (8), which is
attached to the cockpit floor, pulls the tensioning strap

(7) through the inner snubber/cutter (9) and the outer
snubber (12).

The tensioning strap (7) pulls the snap ook (10) and the
flap-anchor-ring (11) down to the inner snubber/cutter (9).
This collapses the sleeve between the snap hook (10) and
the snubber/cutter (9) arnd thereby precludes the release
of the barrel connector which holds the snap hook (10) to
the tensioning strap (7).

The tensioning strap (7) is pulled through the outer snubber
(12), thereby consuming the mobility-slack-loop (13). The
tensioning strap then pulls slack through the hem of the
outer border of the lower-leg-flap (5). vVhis snugs the lower-
leg-flap (6) over the Tower leg.

Having consumed all of the free slack, the tensioning strap

(7) pulls against its anchor at the back of the seat pan (1).
The taut tensioning strap pulls down on the fabric channel
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sewn high on the outer surface of the upper-leg-flap (3).
This snugs the upper-leg-flap (2) over the upper leg.

f. At seat-man separation, the snubber/cutter (9) cuts the
tensioning strap. This allows the flap-anchor-ring (11)
to pull the snap hook (10) away from the srubber/cutter (9),
thereby tensioning the slecve between the snap hook (10)
and snubber/cutter (9), which reieases the snap-hook-
barrel connector (10). This frees the leg-restraint-flaps

which are drawn over the legs as the seat falls away from
the occupant.

g. At emergency egress, the occupant raises his upper leg
against the upper-leg-filap (2). This pulls the flap-
anchor-ring (11) and the snap hook (10) away from the
snubber/cutter (9). This tensions the snap-hook-barrel-
connector-sleeve and releases the barrel connector. The

leg-restraint-flaps are then free to slide cff the legs
during egress.

CONCEPT FIVE

This concept is a leg restraint concept which is very similar to con-
cept four with the exception that it is integrated into the anti-g garment
and as such, does not "stay" in the aircraft. It is believed by the authors
that careful design of this system could result in its being a straight
forward modification of existing anti-g garments, possibly modified at the
squadron level. The following deployment sequence references Figure 11.

a. The seat occupant dons a modified g-suit garment which is
fitted with leg restraint devices (2 and 6, see insert box)
on the upper and lower leg pressure blaaders (1 and 5).

b. During the catapult stroke, the retracting-strap (8), which
is attached to the floor of the cockpit, is pulled through
the snubber/cutter (7) and the center-ring (11) until the
mobility-slack-loop (10) is consumed.

c. The retracting-strap (10) tensions against the barrel dis-
connect (9) and the leg-strap-ring (12)., until the leg-
strap-ring support loop (3) is forced open. The leg-strap-

ring (12) then pulls the leg-strap (4) to and through the
center-ring (11).
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 ; Figure 11. Restraint Concept Number Five.
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d. As the leg-strap (4) is drawn through the center-ring (11),
the upper and lower leg restraint devices (2 and 6, see

c o

insert box) are pulled from their respective keepers and
tensioned against the upper and lower legs.

e. The leg restraint devices (2 and 6) pull the upper and
Tower legs toward the center ring (11) until the barrel
disconnect (9) bottoms against the snubber/cutter (7).

f. At seat-man separation the snubber/cutter (7) cuts the
restraint strap (10), and the ‘center-ring (11) is
mechanically released from its attachment to the seat. The
seat is then free to fall away from the occupant.

g. During emergency egress, the leg-strap-ring support loop
(3) pulls the leg-strap-ring (12) and barrel disconnect
(9) away from the center-ring (11). This tensions the
sleeve between the center-ring (11) and the barrel dis-
connect (9), which, in turn, causes the barrel disconnect
(G) to release the leg-strap-ring (12). The occupant is
then free to egress from the seat.

CONCEPT SIX

This leg restraint concept is based on the current in-service design
on the HS-1 ejection system as used on the RA5-C, reference 13. Discussions
with the manufacture indicated, other than some bruises on the shins, no
known leg or back injuries have resulted with this system. Twenty-three
percent of the documented ejections using this design have been over 500 kts.
This system requires elevation of the knees prior to catapult initiation.
Although this position looks potentially dangerous for spinal positioning,
reference 14 recommends it to increase spinal safety, based on improved spinal
alignmen* as demonstrated by radiological investigations. Lack of back
injuries w.th the HS-1 system reinforces this position. Figure 12 illu-
strates the original configuration as used in the HS-1 system. Deployment
of the systa2m as designed is described in the following text from reference 13.

"Leg positioning and restraint are accomplished by 1ifting the
knees and locking the feet in foot wells as shown in Figure 12.
The knee-raising bar contacts the legs behind the knees. As
the knees are lifted, the feet fall into foot wells, and the
wells are closed by hooks. If the airman is experiencing
acceleration loads, such that the feet will not fall into

she foot wells, the hooks contact the lower legs and push the
feet into the wells. The system will operate under loads

up to 12 g's.
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The pivot points of the knee-raising bar arms are below and
aft of the pivot points of the hips. This ensures no sub-
marining (forward movement of the lower torso) from the

leg positioning action; should the airman's lower torso not
be properiy positioned due to improper harness adjustment,
the leg positioninc actually positions his lower torsc.

The forces imposed on the man by the leg positioning pro-
cedure are insignificant. The knee-raising bar has a
maximum velocity of 5.3 ft/sec, and the hooks have a maxi-

mum velocity of 9 ft/sec. All have energy absorption pads
where they contact the legs."

Modifications proposed for the system are no* intended to change the
functional characteristics, but allow it to be more readily adaptable to

existing ejection seats and installations. The baseline modification is
shown on Figure 13,

CONCEPT EVALUATION
CONCEPT DESIGN STUDIES

A design study should be performed on each of the six arm and leg
restraint concepts presented in Figures 7 through 13. The aim of these
studies should be the determination of the dimensional configuration, the
strength requirements and general materials requirements for each concept.
Human subjects ana full-scale soft mock-ups of each concept should be used
for these determinations. The results of these studies should be docu-
mented in a layout drawing for each concept.

CONCEPT PROTOTYPES

Subsequent to the design studies, a testable prutotype of each concept
should be constructed. These prototypes should serve as development tools
as well as vehicles for preliminary performance evaluation. Therefore, the
detail design of these prototypes should emphasize configuration flexibility
as opposed to fidelity to flyable hardware. The prototypes should be suit-
able for testing with human subjects. Therefore, the prototype designs
should also emphasize subject safety during testing. At a minimum, the
prototypes should be capable of sustaining 4 g equivalent loading in any
direction. The prototype should be designed for rapid installation on and
removal from an ejection seat test fixture.
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LOW FORCE TEST FIXTURES

A set of low force test fixtures should be used for preliminary evalua-
tion of the concept prototypes. These fixtures should include a seat, a
cockpit mock-up, a pitch/rol) seat positioning apparatus, a devize for simu-
lating powered restraint deployment, a fixture capable of simulating seat-
occupant response to the drogue snatch event on a yawed seat, a fixture
capable of simulating the free flight dynamics of seat-man separation, and
a device for simulating the effects of windblast on restraint deployment.
These fixtures need not possess high structural strength, since the pre-
Timinary evalvations to be performed on them should be conducted at lgw force
levels, that is, less than 4 g equivalent force.

Seat Fixture

The seat fixture should be an actual ejection seat shell, preferably
an ACES II. The seat should have an operable primary restraint release
system, including the manual release control handle, and a pneumatically
powered inertia reel or other device capable of simulating powered upper
torso retraction. The seat should be modified to receive each of the six
restraint concept prototypes. Thkese modifications should include simyla-
tions of any restraint release dev .us required by the concept desians.

Cockpit Fixture

The cockpit fixture should provide the spatial configuratinn of a
typical fighter cockpit. It should accept installation of the seat fixture
and should be suitable for use in ingress, egress, donning, doffing, and
emergency eqress demonstrations.

Pitch/Rol! Positioning Fixture

The seat positioning fixture should be capable of positioning the seat
and a human occupant in all possible attitudes in relation to the gravity
vector. Sufficient space should be provided around the seat to allow
urobstructed movement of the occupant's limbs. The fixture should be used
to study the interaction of the occupant's body with the restraints while
the direction of action of the simulated ejection forces, i.e., gravity, is
changed. Specifically, the fixture should facilitate the characterization
of 1imb joint loadiuu processes which result from such interactions.
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Powered Deployment Simulator

A device capable of simulating powered retraction of restraint deploy-
ment straps should be available. The device sheuld have the capacity to
independently retract four different straps. The power and speed of ratrac-
tion should be variable. The device should be compatible with seat installa-
tion in either the positioning fixture or cockpit fixture,

Orogue Snatch Fixture

A simple and sufficient drogue-snatch simulator could emplecy a falling
weight to give the seat and its occupant, at a 30-degree pitch angle, a
vertical velocity which could theri be arrested by simuiated drogue risers
attached to the ground. The main component of a fixture using this approach
would be a platform upon which the seat would be mounted facirg upward.

The platform would be suspended from the drop-weight cable by two pulley-
cable sets which would allow the platform to rotate on the seat's yaw axis.
If the pulley-cable sets were mounted at the ends of a horizontal beam which
was suspended at its center by the drop-weight cable, the platform would also
be able tn rotate about the seat's pitch and ro!l axes. The upward facing
orientation of the seat permits exploiting the gravity vector to simulate the
inertial push of the seat against the occupant. If the platform suspension
cables are mounted asymmetrically with respect to the seat-platform CG, the
platform can be made to yaw accelerate as it is accelerated vertically by

the falling drop-weight. Therefore, the fixture wou'd be capable of simu-
lating yaw velocity reversal at drogue-snatch.

This fixture should be used to study the dynamic response of the seat
and occupant to the drogue snatch event. In particular, the fixture should
be used to study the response of the limbs and limb restraints to seat
realignment at drogue-snatch.

Seat/Man Separation Simulation

Seat/man separation simulation should be accomplished by dropping an
occupied seat through some distance before catching the occupant by his
parachute risers. The facility for conducting these simulations should pro-
vide for arresting the seat to avoid damage at ground impact. The drop
release device should be capable of imparting angular rates to the seat
prior to seat/man separation. This facility should be used to study the
behavior of limb-restraint device: during unstable seat/man separation.
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Windblast Simulator

A large six to eight foot diameter fan of the type used for commercial
movie productions would be sufficient for preliminary evaluation of the
response of the prototype 1imb restraints to windblast during deployment.
If necessary, a large duct should be designed and constructed to remove the
radial and cyclonic flow properties from the fan's output and to direct the
output airflow at the seat.

PROTOTYPE EVALUATIONS

The necessary performance evaluations are listed in Table 8. The table
also identifies the test fixtures or facilities required by each of the
evaluations. Whenever safety requirements permit, human subjects should be -
employed in these evaluation demonstrations. Otherwise, fully articulated
anthreooretric dummies should be used.

3iomechanical_Loading Evaluations

Each concept’'s performance regarding the forces, torques, tensions,
compressions, and shear loads which are induced in the occupant's limb seg-
ments and joints should be evaluated. Such forces can result from restraint
Sys“em depioyment and cinching, and from the mechanisms by which the
restraints react the aerodyramic and inertial forces operating on the seat
and occupant during seat deceleration and stabilization. The torso reaction,
restraint deployment, drogue snatch, and seat-man separation simulators 1
should be used to assess eich concept's biomechanical loading performance 1
during those events. The seat positioning fixture should be used to assess
the general interaction between the restraints and the occupant's body for
all loading directions.

Deployment Failure Modes

The deployment phase of each concept prototype's operation should be
evaluated for the possible existence of deployment failure modes. To this
end, simulated restraint deployments should be made with the seat installed
in the cockpit simulator, with seat exposed to airflow from the windblast
simulator, and with the seat held at adverse attitudes with respect to
gravity by the seat positioning fixture.

Seat-Man Separation Failure Modes

The release phase of each concept prototype's operation should be
evaluated for the possible existence of release failure modes. To this end,
the seat-man separation simulator should be used to investigate the behavior
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TABLE 8

EVALUATION AREAS FOR LIMB RESTRAINT
CONCEPTS \\D RELATED TEST rINTURES \\I SIMULATORS

EVALUATIONS

Biomechanical Loading X X
Deployment Failure X X
Modes ) ’
Seat/Man Separation X )
Failures Modes ) X
Adverse Limb/Torso
Positinn Failure X X
\Modes
Mobility in Primary X
Restraints )
Anthropometry X X
Sensitivity ) )
Post-Separation X X X
Entanglement ) ) )
Manual Separation X
Control Access )
Psychological Accept-
ibility of Encumberance X X
and Appearan-e
Donning and Doffing X X
Procedures
Per-onal Protective
Eaui X X
quipment
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of the prototypes under various dynamic conditions at seat-man separation.
Slow motion photography and force measuring instrumentation should be used
to record the detailed behavior of the restraints as they are pulled off
the limbs during separation.

Adverse Limb/Torso Position Failure Modes

A subset of potential deployment failure modes are those attributable
to adverse limb and/or torso positions prior to initiation. The torso
retraction and restraint deployment simulators should be used to investigate
the possible existence of such failure modes. With the seat installed in
the cockpit simulator, the 1imbs and torsc of human subjects should be placed
in various adverse positions prior to concurrent simulations of torso retrac-
tion and restraint deployment. Under these conditions, the pre-ejection limb
positioning performance of the concept prototypes, as well as the probability
and significance of any observed failure modes, should be evaluated.

Mobility in Primary Restraints

Since a reduction of the range of occupant mobility within the cinched
primary restraints, caused by restraint of the limbs, may result in the
transfer of some of the torso loads, normally reacted by the primary
restraints, through the limbs to the limb restraints, each concept prototype
should be evaluated for any potential reductions of occupant mobility within
the primary restraints. The seat positioning fixture should be used to
simulate various loading directions between the seat and occupant so that
potential limb restraint restrictions on occupant mobility may be observed
and evaluated. Any potentially hazardous mobility restrictions observed on
the seat positioning fixture should be further evaluated by observing and
comparing the dynamic behavior of the seat and occupant, with and without
limb restraints, generated by the drogue snatch simulator.

Anthropometry Sensitivity

The performance of a limb restraint concept during all of its phases of
operation should be uneffected by occupant anthropometry. A special evalua-
tion of sach concept prototype for potential anthropometry sensitivities
should be performed using the seat installed in the cockpit simulator and
seat positioning fixture. Any potentially hazardous sensitivities should be
further observed and evaluated during testing of the concept prototypes on
the various dynamic simulators.
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Post-Senaration Entanglement

After seat-man separation, limb restraint system components which stay
with the occupant may represent entanglement hazards during ground nr water
landings, or emergency egress. Zoncept prototype tests in the cockpit and
seat-man separation simulators should be monitored with the aim of detecting
any potentially hazardous entanglement situations.

i a1 L o ok e b

. Manual Separation Control Access

Manual access to the emergency seat-man separation control handle, in
the event of primary restraint release fajlure, is highly desirable. Each
concept prototype's performance on this desired capability should be evaluated
first by deploying the prototype around a human occupant, then verifying
that he has access to and can operate the control. Then a more realistic
evaluation should be performed by first suspending the restrained occupant,

; while in the seat, from simulated parachute risers attached to the occupant's
harness. The accupant should attempt to access and operate the control in
this situation. If the attempt is successful, the seat should be allowed
to drop away from the cccupant sc that the release and shedding of the limb
restraints under 1 g conditions may be observed.

Psychological Acceptability of Encumbrance and Appearance

-
o e et Aot i ' Ml ST b Lt et 4

If a design concept ultimately depends on the voluntary cooperation of
" the seat occupant for its successful operation, then the using population's
' psychological acceptance of the concept in regard to encumbrance and appear- _
ance may play a large part in determining the concent's potential long-term 1
effectiveness. The first step in evaluating a concept's potential accept- '
ability should be to evaluate its performance regardirg encumbrances. This
should be accomplished by using the cockpit simulator and seat position
fixture along with human subjects to assess each concept's prototype's
impact on reach and vision access in the cockpit, as well as prototype's
responses to off-vertical acceleration loads, such as would be encountered in
high-speed maneuvering. If these studies indicate that a concept should be
acceptable with regard to encumbrance, rhe concept design should be reviewed
for acceptable appearance. A simple, rugged appeazrance is desirable. E
Tmprovements in appearance should be allowed to influence material selection,
and keepers and other dewvices for giving 2 simple external appearance should
be used wherever possible. After these preliminary assessments 2re completed,
members of the flying population should be invited to study the concept

prototypes ard give their assessments regarding the prototype's encumbrance
and appearance.
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Donning and Doffing Procedures

The donning and doffing procedures required by each design concept should
be evaluated by collecting information on the number of tasks in each pro-
cedure, on the average time taken for sach task, end on the difficulty of eath
task. A speciai affort should be made to identify tasks which may often take
two Gr more attempts to successfully complete or which may present other
special difficulties to the seat occupant. The cockpit simulator should be
used to demonstrate the compatibility of donning and doffing procedures with
cockpit geometry. Human subjects representing the 5th and 95th percentile
anthropometric sizes and wearing winter and summer personal equipment should
be employad to evaluate the sensitivity of the procedures to these variables.
The capability of each concept protctype to automatically accommodate changes
in occupant size and persona! equipmant bulk should also be evaluated.

Personal Protective Equipment

Since the occupant's personal protective equipment usually occupies the
interface between the 1imb restraint devices and the occupant's body, subjects
should wear government issued personal equipment at least once for each of
the evaluation damonstrations. The pencil packets on the sleeves of the
flight suit or flight jacket are critical. because the pencils or pens they
carry represent potential snags for some deploying arm restraint designs.
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